Abstract: Sectional wind turbine blades, by dividing an intact blade into multiple segments, have the advantage of being easy to handle and transport. To determine a suitable blade division location, this study was performed to clarify some crucial aspects and challenges for sectional blades. This paper proposes a method to estimate the effects of the location of the blade division on structural, manufacturing, and assembling performance of sectional blades. The advantage of this method is the ease of the assessment process, since it can be performed at an early stage of blade design, where only the aerodynamic profile, mass density and stiffness distribution, and service fatigue loads of original blades are essential. A case study with the proposed method was carried out based on a 38-meter commercial blade. Results show that the best position for the division of sectional blades is located 20% from the blade root by balancing the three aspects listed above. The key approaches to reduce additional increases in stiffness and weight of sectional blades are related to improving the fatigue strength and the choice of low-modulus materials for connecting bolts. The effects of the division location on assembling accessibility and natural frequencies of scaled sectional blades are consistent with the basic sectional blade. Unfavorable effects occur when up-scaling the diameter of the bolts; and, harsh external loads on the connections have negative effects on the application of sectional blades with larger wind turbines. In this regard, lightweight design is indispensable to reduce bolt stress.
Introduction
Amongst all the clean and renewable energies, wind energy has been a promising candidate to replace conventional fossil energy, due to availability and relative low cost. Driven by technological innovations and low-cost energy demand, wind turbine (WT) installation capacity has been growing quickly for two decades; blades larger than 50 m are expected to be the mainstream for large-scale WTs [1, 2] . As of 2016, the longest commercial blade extended to 88.4 m in length [3] . However, transporting long blades may require police assistance, disconnecting and reconnecting traffic components, decrease the perceived value of wind energy, and even increase the damage risk of the blades [4, 5] . Griffin indicated that blades 45.7-48.4 m in length are the transition point where longer blades tend to visibly increase the costs of transportation and handling problems [6] . In addition, the length constraints of goods transported by truck and rail are 53 m and 62 m, respectively. In the case where the route to the wind farm is difficult, multiple handlings between different transportation vehicles are often required, causing the cost of blade transportation to increase sharply. Meanwhile, manufacturing long blades would be beset with difficulties without special tooling and molding equipment. In fact, the cost of wind energy is not necessarily reduced by upscaling WTs based on current technology [7] [8] [9] , due to size effects such as expensive transportation and logistics, overloads, and mass increase [8, 9] . Sectional blades, as an innovative technique, are the key solution to transportation issues and to help reduce the cost of wind energy [5] . Moreover, records show that the cases of blades in service are most often damaged by lightning strikes, which ruins the blade tips. The outer sections of blades can be replaced at a lower cost and under easier assembly conditions than the entire blade. Moreover, blade families can be easily built by designing the blade tip section to follow various wind farms and turbines based on the current inner section of the blade [10, 11] .
Sectional WT blades have been developed for more than 30 years [12] . During this period, sectional blades attracted interest from engineers and researchers, and many patents related to innovative connection design and configuration of sectional blades were created [10] , but mass commercial application of sectional blades has not yet been achieved due to technology and cost limitations [5, 7, 13] . In spite of the benefits in the transportation of large WTs using sectional blades, undesired cost increases, feasible and accessible connections, and the effects of blade separation on overall structural performance are major obstacles [10, [12] [13] [14] [15] . Once the intact blade is cut into multiple segments, the continuous fibers of the composite blades, which are used to be the load carrying media, break and are unable to sustain the same loads at the terminals as before. As a result, additional materials or structures ought to be used to compensate for the reduction in stress transfer, and structural reinforcements around the blade connection then causes stress concentration as well. On-site assembling of different segments and maintenance of blades would require sufficient operation space. Therefore, comprehensive estimates of the various aspects discussed above have to be solved during the early stages of sectional blade design, and a trade-off decision then has to be made to determine the division location.
There are several research institutes and corporations that have completed practical studies on sectional blades [11] [12] [13] [14] [15] [16] [17] [18] [19] . The general results of these studies are outlined in Table 1 . The concept of the sectional blade was first used on a DEBRA WT with T-bolt connections in 1982. The blade was divided into two segments with equal length, so that an 11.58 m blade could be easily packed and transported within a 6 m uniform container [12] . Dutton et al. [14] investigated the structural performance of sectional blades with tube connections based on an LM 13.4 m commercial blade; the division location was 4.5 m from the blade root. Results of extreme and fatigue loading tests met the requirements for the prototype blade. Dutton et al. [13] tested a sectional blade with T-bolts based on the LM 23.3 blade, and the division location for larger sectional blades was determined at performed to clarify the optimal division location for sectional blades, and an upscaling study was conducted to analyze the demands and trends in larger sectional WT blades. This paper provides clear insight on the span location selection for large sectional WT blades from a technological view, highlights the challenges, and offers some recommendations for larger sectional WT blades.
This article is organized as follows: firstly, the influences of associated factors are illustrated, and a method to evaluate the division location on the performance of sectional blades is proposed. Then, a case study analyzing the optimal division location for a 38 m original blade, which has been mostly installed, is reported. Finally, the effects and prospective challenges of sectional blades on larger WTs are evaluated using an analytic upscaling principle and by examining the constraints on transportation vehicles.
Evaluation of Connection Performance of Sectional Blades

Connection Strength for Sectional Blades
After decades of evolution, most modern WT blades have a similar structural configuration. Figure 1 illustrates the cross section of a typical WT blade, which consists of outer surface shells, involving pressure and suction surfaces, and inner shear webs. The shear webs mainly carry shear stress, and the direct stress of WT blades is mainly distributed to the outer surface shells. Literature review reveals that a mechanical connection with a bolted joint dominates the load transfer for sectional blades, and bolt failure is the key challenge of sectional blade applications [10, 13, 15, 17, 20, [23] [24] [25] . To improve the connection strength of sectional blades, more bolts are generally distributed along the entire surface shell of sectional blades at the division section. Since bending moments, which are mostly supported by surface shells, are the dominant loads for large horizontal-axis WT blades [26, 27] , this design can take advantage of assembly space to strengthen the connection to a maximum extent. Meanwhile, bolt arrangement to form a closed circle of sectional blades can enhance torsion stiffness [28] and avoid the detrimental prying effect of the bolted joint [29] . This study assumes that blade segments are connected by bolts along the whole of the surface shells. Extreme static and fatigue strength are required to guarantee the structural safety of WT blades according to IEC standards [30] . Previous experimental studies indicated that no sectional blades have ever failed the static test, and the static strength of the bolted joints of sectional blades is less critical; that stress on bolts can be relieved, to some extent, without significant strength degradation by material yield, and the fatigue strength of bolts is comparatively more important for sectional blades. Statistical investigation also determined that most of the pre-stress bolted joint failure was due to large fatigue stress [29] . Therefore, the connection strength of sectional blades would be evaluated on their fatigue performance. case study was performed to clarify the optimal division location for sectional blades, and an upscaling study was conducted to analyze the demands and trends in larger sectional WT blades. This paper provides clear insight on the span location selection for large sectional WT blades from a technological view, highlights the challenges, and offers some recommendations for larger sectional WT blades. This article is organized as follows: firstly, the influences of associated factors are illustrated, and a method to evaluate the division location on the performance of sectional blades is proposed. Then, a case study analyzing the optimal division location for a 38 m original blade, which has been mostly installed, is reported. Finally, the effects and prospective challenges of sectional blades on larger WTs are evaluated using an analytic upscaling principle and by examining the constraints on transportation vehicles.
Evaluation of Connection Performance of Sectional Blades
Connection Strength for Sectional Blades
After decades of evolution, most modern WT blades have a similar structural configuration. Figure 1 illustrates the cross section of a typical WT blade, which consists of outer surface shells, involving pressure and suction surfaces, and inner shear webs. The shear webs mainly carry shear stress, and the direct stress of WT blades is mainly distributed to the outer surface shells. Literature review reveals that a mechanical connection with a bolted joint dominates the load transfer for sectional blades, and bolt failure is the key challenge of sectional blade applications [10, 13, 15, 17, 20, [23] [24] [25] . To improve the connection strength of sectional blades, more bolts are generally distributed along the entire surface shell of sectional blades at the division section. Since bending moments, which are mostly supported by surface shells, are the dominant loads for large horizontal-axis WT blades [26, 27] , this design can take advantage of assembly space to strengthen the connection to a maximum extent. Meanwhile, bolt arrangement to form a closed circle of sectional blades can enhance torsion stiffness [28] and avoid the detrimental prying effect of the bolted joint [29] . This study assumes that blade segments are connected by bolts along the whole of the surface shells. Extreme static and fatigue strength are required to guarantee the structural safety of WT blades according to IEC standards [30] . Previous experimental studies indicated that no sectional blades have ever failed the static test, and the static strength of the bolted joints of sectional blades is less critical; that stress on bolts can be relieved, to some extent, without significant strength degradation by material yield, and the fatigue strength of bolts is comparatively more important for sectional blades. Statistical investigation also determined that most of the pre-stress bolted joint failure was due to large fatigue stress [29] . Therefore, the connection strength of sectional blades would be evaluated on their fatigue performance. For bolted joints under high dynamic loads, pre-stress bolted joints, which mainly carry axial loads, are preferred to reduce the fluctuating stress of connection bolts [31] . When the bolted joints of sectional blades are committed to axial loads produced by bending moments or centrifugal forces, For bolted joints under high dynamic loads, pre-stress bolted joints, which mainly carry axial loads, are preferred to reduce the fluctuating stress of connection bolts [31] . When the bolted joints of sectional blades are committed to axial loads produced by bending moments or centrifugal forces, the loads on the bolts in the axial direction are proportional to external axial loads, according to VDI 2230 guidelines [32] . The load increments of connection bolts depend on the relative stiffness 
If the bending effect of the bolted joint is not considered, ∅ =
is satisfied with n = 1. For a specific bolted joint, k b and k m are kept constant regardless of the nonlinear deformation of the bolted joint, due to very large external loads [33, 34] . Then, the fatigue loads on the bolts are in line with the axial fatigue loads, as shown in Equation (2):
The range of fatigue stress imposed by bolts can be easily calculated by external fatigue loads and the cross-section area of the bolt. Pre-tightening of high-strength bolts generates pre-stress, which then is formed as the mean stress of connection bolts. Experimental research has demonstrated that the mean stress has far less impact on the fatigue limits of bolt strength [35] than the classic Goodman correction theory, which indicates the fatigue stress range as the determinant term for strength evaluation of bolt fatigue with different pre-tightening levels.
Assuming that all connection bolts used are identical in standard and type, the blades generally are manufactured with constant thickness laminates near the division (Figure 2 ). the loads on the bolts in the axial direction are proportional to external axial loads, according to VDI 2230 guidelines [32] . The load increments of connection bolts depend on the relative stiffness of the bolted joint, which acts as a spring stiffness model. The coefficient ∅ is called the load factor, expressed in Equation (1):
If the bending effect of the bolted joint is not considered, ∅ = is satisfied with = 1.
For a specific bolted joint, and are kept constant regardless of the nonlinear deformation of the bolted joint, due to very large external loads [33, 34] . Then, the fatigue loads on the bolts are in line with the axial fatigue loads, as shown in Equation (2):
Assuming that all connection bolts used are identical in standard and type, the blades generally are manufactured with constant thickness laminates near the division (Figure 2 ). Firstly, the centroid (O) of the airfoil is derived by integrating the contour line of the airfoil, and the axial stress (z direction) normal to the local section (x-y plane) can then be expressed in Equation (3):
According to classical beam theory [36] the flap-wise and edge-wise bending moments ( and ) can be expressed by Equations (4) and (5):
When the beam structure of a blade is subjected to asymmetrical bending moments, the axial stress of the blade-cross section can be formulated by Equation (6):
Then, the variable (∆ , ) , for estimating the connecting strength of bolts, can be simply expressed by Equation (7): Firstly, the centroid (O) of the airfoil is derived by integrating the contour line of the airfoil, and the axial stress (z direction) normal to the local section (x-y plane) can then be expressed in Equation (3):
According to classical beam theory [36] the flap-wise and edge-wise bending moments (M x and M y ) can be expressed by Equations (4) and (5):
When the beam structure of a blade is subjected to asymmetrical bending moments, the axial stress of the blade-cross section can be formulated by Equation (6) : 
Then, the variable (∆σ k,A ) b , for estimating the connecting strength of bolts, can be simply expressed by Equation (7):
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where A bolt and A shell are considered constant values for the given bolted joint; hence, we can estimate the ranges of fatigue stress of the bolts by indirectly using the fatigue stress ranges of blade shells, and the stress calculation of blade shells under bending moments is stated by Equation (7). To obtain the stress distribution of blade shells, the calculation process can be performed with the user developed program. Firstly, the equivalent fatigue moment of blades is transformed into a chord coordinate system, and M x and M y are obtained. Then, the discrete points on the blade shells (skin) are equally allocated. Next, a virtual area value is given to every point while ensuring the area value is always kept identical; based on the known points and the area value, I xx , I yy , and I xy can be computed. Through Equation (6) , the fatigue stress ranges of the blade shells at every point are obtained, and the maximum stress from the discrete points is identified. This procedure should be repeated to achieve all maximum stress values for all the desired sections for sectional blades. Low stress carried by bolts indicates superior connection strength for sectional blades.
Manufacturing and Assembling Accessibility for Sectional Blades
The manufacturing and assembling process of sectional blades are key aspects for practical applications. Their feasibility and adoptability are directly related to manufacturing costs and complexity. Nowadays, T-bolts and embedded sleeves dominate connection patterns for large WT blades [37, 38] . High-strength connecting bolts for sectional blades mainly bear axial loads, and bolts transfer loads from outer to inner parts of the blades. From the point of view of connection efficiency and the strength of bolts, if the axial direction of the bolts is parallel to the local blade shell, or 0-degree fiber of composite laminates, then the composite layer can be laid down smoothly and a smaller bending effect occurs on the bolts. The bending effect of force transfer has detrimental effects on bonded joints, involving embedded sleeve cohesion, and bolted joints [39, 40] . In terms of manufacturing and assembling, a positioning flange exists for manufacturing each section of the blade. Generally, the flange is a flat plate, and the bolt axial direction is vertical to the flange plate. For a conventional tapered blade with chord and thickness reduction along the blade, inevitably there would be an intersection angle between the blade shells and the bolt axis ( Figure 3 ). This would lead to a worsened mechanical performance of the laminates adjacent to bolts due to wrinkle or resin sockets during the molding process. Therefore, when selecting the division location of sectional blades, the slopes dC dx − x, dT dx − x. of the chord and thickness, respectively, along the blades are taken as main factors for evaluating manufacturing and assembling accessibility, where the chord and thickness of the blades are denoted as C and T, respectively.
where and are considered constant values for the given bolted joint; hence, we can estimate the ranges of fatigue stress of the bolts by indirectly using the fatigue stress ranges of blade shells, and the stress calculation of blade shells under bending moments is stated by Equation (7).
To obtain the stress distribution of blade shells, the calculation process can be performed with the user developed program. Firstly, the equivalent fatigue moment of blades is transformed into a chord coordinate system, and and are obtained. Then, the discrete points on the blade shells (skin) are equally allocated. Next, a virtual area value is given to every point while ensuring the area value is always kept identical; based on the known points and the area value, , , and can be computed. Through Equation (6), the fatigue stress ranges of the blade shells at every point are obtained, and the maximum stress from the discrete points is identified. This procedure should be repeated to achieve all maximum stress values for all the desired sections for sectional blades. Low stress carried by bolts indicates superior connection strength for sectional blades.
The manufacturing and assembling process of sectional blades are key aspects for practical applications. Their feasibility and adoptability are directly related to manufacturing costs and complexity. Nowadays, T-bolts and embedded sleeves dominate connection patterns for large WT blades [37, 38] . High-strength connecting bolts for sectional blades mainly bear axial loads, and bolts transfer loads from outer to inner parts of the blades. From the point of view of connection efficiency and the strength of bolts, if the axial direction of the bolts is parallel to the local blade shell, or 0-degree fiber of composite laminates, then the composite layer can be laid down smoothly and a smaller bending effect occurs on the bolts. The bending effect of force transfer has detrimental effects on bonded joints, involving embedded sleeve cohesion, and bolted joints [39, 40] . In terms of manufacturing and assembling, a positioning flange exists for manufacturing each section of the blade. Generally, the flange is a flat plate, and the bolt axial direction is vertical to the flange plate. For a conventional tapered blade with chord and thickness reduction along the blade, inevitably there would be an intersection angle between the blade shells and the bolt axis ( Figure 3 ). This would lead to a worsened mechanical performance of the laminates adjacent to bolts due to wrinkle or resin sockets during the molding process. Therefore, when selecting the division location of sectional blades, the slopes , of the chord and thickness, respectively, along the blades are taken as main factors for evaluating manufacturing and assembling accessibility, where the chord and thickness of the blades are denoted as C and T, respectively. 
Division Location Determination by Natural Frequencies of Sectional Blades
Natural Frequencies Calculation
The dynamic response of sectional blades is another aspect that affects the operation of the blades and other components of WTs [26] . To avoid resonance issues, natural frequencies need to be carefully calibrated after dividing the blade. To estimate the natural frequencies at various division locations, this study determined cross-section stiffness and mass density of the sectional blades by scaling those of the original blades at the division sections and then gradually transitioning to the corresponding values of the original blades. Figure 4 illustrates the distribution of cross-section stiffness and mass density of the original and corresponding sectional blades with blue and dark lines, respectively. If (EI) OB and (MD) OB of the original blade are known, additional stiffness and mass density should be added around the division location for sectional blades, and the corresponding values at the division location are defined as (EI) SB and (MD) SB . Simultaneously, the cross-section stiffness and mass density should gradually change around the division location to avoid local stress concentration. The transition region for cross-section stiffness and mass density are considered as the same, and are equally distributed at each side; they change linearly in the region and then arrive at the corresponding values of the original blade beyond the transition region. The dynamic response of sectional blades is another aspect that affects the operation of the blades and other components of WTs [26] . To avoid resonance issues, natural frequencies need to be carefully calibrated after dividing the blade. To estimate the natural frequencies at various division locations, this study determined cross-section stiffness and mass density of the sectional blades by scaling those of the original blades at the division sections and then gradually transitioning to the corresponding values of the original blades. Figure 4 illustrates the distribution of cross-section stiffness and mass density of the original and corresponding sectional blades with blue and dark lines, respectively. If ( ) and ( ) of the original blade are known, additional stiffness and mass density should be added around the division location for sectional blades, and the corresponding values at the division location are defined as ( ) and ( ) . Simultaneously, the cross-section stiffness and mass density should gradually change around the division location to avoid local stress concentration. The transition region for cross-section stiffness and mass density are considered as the same, and are equally distributed at each side; they change linearly in the region and then arrive at the corresponding values of the original blade beyond the transition region. With these assumptions, cross-section stiffness and mass density distribution of sectional blades can be obtained for a given stiffness, mass density distribution, and transition region. With the help of our own developed program based on Matlab R2010, natural frequencies of sectional blades can be solved as an eigenvalue problem of the classical beam.
The cross-section bending stiffness of the sectional blade in flap-wise and edge-wise directions are shown in Equations (8) and (9):
The cross-section bending stiffness of the original blade, which is popularly manufactured by fiber-reinforced composite (FRC), in flap-wise and edge-wise directions, are shown in Equations (10) and (11): With these assumptions, cross-section stiffness and mass density distribution of sectional blades can be obtained for a given stiffness, mass density distribution, and transition region. With the help of our own developed program based on Matlab R2010, natural frequencies of sectional blades can be solved as an eigenvalue problem of the classical beam.
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The cross-section bending stiffness of the original blade, which is popularly manufactured by fiber-reinforced composite (FRC), in flap-wise and edge-wise directions, are shown in Equations (10) and (11):
Combining Equations (8)- (11), the ratio α of cross-section stiffness between the sectional blade and the original blade at division location is shown by Equation (12):
The terms used to describe α are defined in Equations (13)- (15):
The cross-section mass density of the original and section blades are shown in Equations (16) and (17):
According to the intrinsic characteristics of modulus and density of FRC and steel materials, we define a term f in Equation (18):
where f is the function of Θ FRC,s , and Θ FRC,s varies between 0 and 1. With a given value of E FRC,s , E b , ρ FRC,s , and ρ b,s , the f (Θ FRC,s ) can be determined. Therefore, the cross-section mass density ratio β can be formulated with Equation (19):
Since ω and f are easy to determine, the allowable and reasonable values of µ and ϕ will be deduced in the following sections.
Analysis and Deduction of Parameters µ and ϕ
Fatigue strength of the bolted joint is a major issue for sectional blades, according to GL guidelines [27] . For a given FRC fabricated by a specific manufacturing method, the short-term Energies 2017, 10, 1404 9 of 24 strength of the FRC can be obtained through the corresponding experiment, under a symmetrical fatigue loading; and, the fluctuating stress (∆σ k,A ) FRC,o for given fatigue cycles can be computed according to S-N relationship formula defined by GL guidelines [27] .
Regarding the fluctuating stress (∆σ k,A ) b,s of connection bolts, detail category ∆σ k,C is defined with respect to 2 × 10 6 fatigue cycles according to Eurocode 3 [41] . The fluctuating stress (∆σ k,A ) b,s of bolts for given fatigue cycles, less than 5 × 10 6 , are computed via Equation (20):
If fatigue cycles are between 5 × 10 6 and 1 × 10 8 , the fluctuating stress (∆σ k,A ) b,s of bolts is obtained with Equation (21):
If fatigue cycles are more than 1 × 10 8 , the fluctuating stress (∆σ k,A ) b,s of bolts is obtained with Equation (22):
Based on equal fatigue strength of the bolt and FRC, and the considering load factor of the bolted joint, the cross-section area ratio µ, can be expressed in Equation (23):
A single bolted joint can be extracted from the bolted joint group illustrated in Figure 5 , where the stiffness of the bolt and clamped members are expressed in Equations (24) and (25):
Thus, the stiffness of the bolt can be obtained with Equation (26) because of uniform stress distribution in the axial direction. According to the stress distribution of the clamped members beneath the nut, the stiffness would be expressed by Equation (27) , including three parts of cone and cylinder areas. Numerical simulation has validated that the assumed 30 degrees was fitted well for most cases (Figure 5b ) and adopted for general practical design [42] .
For an ideal case, uniform compression of clamped members under bolt tightening occurs, which increases the stiffness of the upper and lower parts, and they can be expressed with k m1 and k m3 shown in Figure 5c , and can be deduced in Equations (28)- (30):
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A single bolted joint can be extracted from the bolted joint group illustrated in Figure 5 , where the stiffness of the bolt and clamped members are expressed in Equations (24) and (25): Thus, the stiffness of the bolt can be obtained with Equation (26) because of uniform stress distribution in the axial direction. According to the stress distribution of the clamped members As assumed above, and combining Equations (28)- (30), these yield the following:
Then, the minimal stiffness ratio ϕ min of the sectional blade to the original blade is computed as follows:
For most bolted joints used for sectional blades, the distance of the adjacent bolts D k and the thickness of the clamped members are much less than the axial length of clamped members l k . This design characteristic benefits the initial clamped strain energy to prevent joint loosening and smaller ranges of fatigue stress by bolts [29] . Thus, the ideal value of ϕ is near ϕ min . In consideration of sound joints, we assume ϕ to be equal to γϕ min in the following analysis. Substituting Equations (13), (23) , and (34) into Equation (12) , it gives:
Equation (35) reveals that stiffness increases of sectional blades are mainly affected by fatigue strength and the modulus of bolts rather than the load factor of a bolted joint.
Case Study of a Commercial Sectional Blade
To understand the effects of the division location on various performance indicators of sectional blades and to further offer some recommendations for engineering design, a case study of an excellent and typical commercial blade was conducted with the proposed method. The work is based on a 38-meter commercial WT blade (CTC-38), which was designed by CTC Technology of The Netherlands in 2006. Over 1000 CTC-38 blades, with a rated power of 1.5 MW, have been sold and installed. These blades have been in good working condition for the last 10 years. The specifications of the CTC-38 blade along the span are shown in Figures A1-A3 in Appendix A. The blade adopts a popular structural configuration, including two main spar caps and shear webs (Figure 1) . The corresponding sectional blade, based on the CTC-38 blade, is called the SB-38 sectional blade in the following paragraphs.
Calculation of Connection Strength of Sectional Blades
According to the scheme (Section 2.1), the SB-38 sectional blade keeps the aerodynamic profiles of the CTC-38 blade with a constant thick shell at the division location, assuming that the thickness is 50 mm. The slopes of the fatigue S-N curves with m = 3 and m = 5 (Eurocode 3 requirements) of bolts are considered in fatigue strength calculation. Figure 6 exhibits the maximum axial stress ranges of the SB-38 sectional blade surface shells with different division locations under combined equivalent fatigue loads (M x and M y ). Under the condition of both slopes, the maximum stress ranges decrease from the blade root to around the maximum chord, then rise near the middle of the blade, and finally descend at the blade tip. According to the linear relationship between the axial stress carried by bolts and shell loads (stress), the optimal span locations for blade separation is located around the blade tip with respect to the connection strength of the sectional blade, and the suboptimal location lies around the maximum chord at 4 m from the blade root. The middle span location is rigorously avoided because of the large stress ranges. 
According to the scheme (Section 2.1), the SB-38 sectional blade keeps the aerodynamic profiles of the CTC-38 blade with a constant thick shell at the division location, assuming that the thickness is 50 mm. The slopes of the fatigue S-N curves with m = 3 and m = 5 (Eurocode 3 requirements) of bolts are considered in fatigue strength calculation. Figure 6 exhibits the maximum axial stress ranges of the SB-38 sectional blade surface shells with different division locations under combined equivalent fatigue loads ( and ) . Under the condition of both slopes, the maximum stress ranges decrease from the blade root to around the maximum chord, then rise near the middle of the blade, and finally descend at the blade tip. According to the linear relationship between the axial stress carried by bolts and shell loads (stress), the optimal span locations for blade separation is located around the blade tip with respect to the connection strength of the sectional blade, and the suboptimal location lies around the maximum chord at 4 m from the blade root. The middle span location is rigorously avoided because of the large stress ranges. 
Manufacturing and Assembling Requirements of Sectional Blades
According to the statement about the importance of manufacturing and assembling requirements of sectional blades (Section 2.2), Figures 7 and 8 show the chord and thickness distributions and their slopes along the span of the SB-38 sectional blade, respectively, where a smaller slope means a smaller intersection angle between the blade shell and bolt axis. This further provides a larger assembling tolerance and less additional bending stress on the connection bolts. Figure 7 indicates that the suitable division location for the SB-38 sectional blade is from around the maximum chord to the blade tip, considering the effect of chord variation on manufacturing and connection assembling of sectional blades. If assumed within 0.1 of derivative of chord, then the suitable division location is specifically 5-34 m from the blade root. 
According to the statement about the importance of manufacturing and assembling requirements of sectional blades (Section 2.2), Figures 7 and 8 show the chord and thickness distributions and their slopes along the span of the SB-38 sectional blade, respectively, where a smaller slope means a smaller intersection angle between the blade shell and bolt axis. This further provides a larger assembling tolerance and less additional bending stress on the connection bolts. Figure 7 indicates that the suitable division location for the SB-38 sectional blade is from around the maximum chord to the blade tip, considering the effect of chord variation on manufacturing and connection assembling of sectional blades. If assumed within 0.1 of derivative of chord, then the suitable division location is specifically 5-34 m from the blade root. Considering both assembling accessibility and minimizing the bending stress of connection bolts, chord and thickness variations along the span of the SB-38 sectional blade were evaluated, and the ideal span interval for blade connection is reduced from 6 (16%) to 34 m (89%). This can be explained by the aerodynamic profile changing smoothly in this interval. Considering both assembling accessibility and minimizing the bending stress of connection bolts, chord and thickness variations along the span of the SB-38 sectional blade were evaluated, and the ideal span interval for blade connection is reduced from 6 (16%) to 34 m (89%). This can be explained by the aerodynamic profile changing smoothly in this interval. Considering both assembling accessibility and minimizing the bending stress of connection bolts, chord and thickness variations along the span of the SB-38 sectional blade were evaluated, and the ideal span interval for blade connection is reduced from 6 (16%) to 34 m (89%). This can be explained by the aerodynamic profile changing smoothly in this interval.
Natural Frequencies Variation of Sectional Blades
For 10.9 class bolts that are rolled before heat treatment, the detail category ∆σ k,C is 71 MPa, and 10 7 cycles are used to evaluate fatigue strength. Unidirectional FRC was the main material used for this analysis, and the material properties were obtained from Sandia's report [43] (23) and (34) into Equation (12) gives:
For a typical embedded sleeve connection with M30 bolts, Θ FRC,s equals 0.877, and f (Θ FRC,s ) equals 1.07 and 0.831 for unidirectional and tri-axial glass FRCs, respectively ( Figure 9 ). Therefore, β equals 8.99 and 11.58 for unidirectional and tri-axial glass FRCs, respectively. For T-bolted joints, Θ FRC,s would be larger than that of the embedded sleeve connection. used for this analysis, and the material properties were obtained from Sandia's report [43] . (23) and (34) into Equation (12) gives:
For a typical embedded sleeve connection with M30 bolts, , equals 0.877, and ( , ) equals 1.07 and 0.831 for unidirectional and tri-axial glass FRCs, respectively ( Figure 9 ). Therefore, β equals 8.99 and 11.58 for unidirectional and tri-axial glass FRCs, respectively. For T-bolted joints, , would be larger than that of the embedded sleeve connection. According to the scheme proposed in Section 2.3, we assumed that the stiffness of the SB-38 sectional blade increases with α of 4, 6, 8, 9 .62, and 12 as much as the original blade at the division location. At α = 9.62 is a specific characteristic for the CTC-38 blade, and the other values of 4, 6, 8, and 12 were also considered to study the impacts on natural frequencies. For FRCs, ( , ) values of 1.07 and 0.831 were both selected in the analysis. Since low order vibration frequencies are prone to be excited, and the first two order edge and flap natural frequencies are generally required to be checked by GL guidelines and certification bodies for long blades, the first two edge and flap natural frequencies were analyzed. Figure 10 exhibits the first and second edge natural frequencies with different α at various division locations ( = 1.07). From Figure 10a , it can be seen that the first natural edge frequency increases when the division location is less than 13 m or 14 m from the blade root. The increment of natural frequency keeps pace with α, but within 20% of the original value. Conversely, the first edge natural frequencies decrease faster and faster when division locations are from 14 m to the blade tip. Figure 10b indicates that the second natural edge frequencies increase when the division location is within 6 m and between 24 and 30 m, and the increments of natural frequencies keep pace According to the scheme proposed in Section 2.3, we assumed that the stiffness of the SB-38 sectional blade increases with α of 4, 6, 8, 9 .62, and 12 as much as the original blade at the division location. At α = 9.62 is a specific characteristic for the CTC-38 blade, and the other values of 4, 6, 8, and 12 were also considered to study the impacts on natural frequencies. For FRCs, f (Θ FRC,s ) values of 1.07 and 0.831 were both selected in the analysis. Since low order vibration frequencies are prone to be excited, and the first two order edge and flap natural frequencies are generally required to be checked by GL guidelines and certification bodies for long blades, the first two edge and flap natural frequencies were analyzed. Figure 10 exhibits the first and second edge natural frequencies with different α at various division locations ( f = 1.07). From Figure 10a , it can be seen that the first natural edge frequency increases when the division location is less than 13 m or 14 m from the blade root. The increment of natural frequency keeps pace with α, but within 20% of the original value. Conversely, the first edge natural frequencies decrease faster and faster when division locations are from 14 m to the blade tip. Figure 10b indicates that the second natural edge frequencies increase when the division location is within 6 m and between 24 and 30 m, and the increments of natural frequencies keep pace with α, but are within 9% and 7% of the original value. When the division location falls in the interval of 30 m to the blade tip, the second edge natural frequency of the sectional blade decreases quickly. When equals 0.831 (Figure 11 ), the trend of the first and second edge natural frequencies vary consistently with that of 1.07 stated above. The variation in natural frequency is more serious, which makes natural frequencies lower than that for = 1.07. Figure 12a , the first natural flap frequencies increase when the division location is within 17 m, and the increment of natural frequency fluctuates with α, but within 6% of the original value. When the division location is far away from 17 m, the first flap natural frequencies of the sectional blade decrease increasingly faster to the blade tip. The maximum decrease could be about 39% of the original value. Figure 12b shows that second natural flap frequencies increase when the division location is within 10 m, and between 24 and 30 m, and the increase in natural frequency fluctuates with α, but at most is within 7% of the original value. When the division location falls within the interval of When f equals 0.831 (Figure 11 ), the trend of the first and second edge natural frequencies vary consistently with that of 1.07 stated above. The variation in natural frequency is more serious, which makes natural frequencies lower than that for f = 1.07. When equals 0.831 (Figure 11 ), the trend of the first and second edge natural frequencies vary consistently with that of 1.07 stated above. The variation in natural frequency is more serious, which makes natural frequencies lower than that for = 1.07. Figure 12a , the first natural flap frequencies increase when the division location is within 17 m, and the increment of natural frequency fluctuates with α, but within 6% of the original value. When the division location is far away from 17 m, the first flap natural frequencies of the sectional blade decrease increasingly faster to the blade tip. The maximum decrease could be about 39% of the original value. Figure 12b shows that second natural flap frequencies increase when the division location is within 10 m, and between 24 and 30 m, and the increase in natural frequency fluctuates with α, but at most is within 7% of the original value. When the division location falls within the interval of When equals 0.831 (Figure 13 ), the trend of the first and second natural flap frequencies vary in line with that of 1.07 stated above. In summary, in terms of variation in natural frequencies of the blade, the first flap and edge natural frequencies increase slightly when the division location would be from the blade root to around 35% of the blade (13 m), and the second flap and edge natural frequencies change slightly if the division is located from the blade root to around 20% of the blade (around 8 m), while the natural frequencies shift significantly beyond this region, considering flap and edge natural frequencies, the reduction in frequencies would probably result in structural resonance of the WTs.
Trade-offs should be made to simultaneously fulfill both manufacturing and structural performance requirements. The blade with higher natural frequencies would more easily avoid resonance in the WT according to the vibration Campbell diagram. Around 8 m (20%) from the blade root should be a suitable location for a sectional blade, where the transportation advantages are also evident with a balance in the weight, with a 2465 kg inner part (42% of total mass) and a 3356 kg outer part (58% of total mass). Moreover, the sectional blade bends slightly when it runs, and that pre-tension of the bolted joint does not tend to loosen. When equals 0.831 (Figure 13 ), the trend of the first and second natural flap frequencies vary in line with that of 1.07 stated above. In summary, in terms of variation in natural frequencies of the blade, the first flap and edge natural frequencies increase slightly when the division location would be from the blade root to around 35% of the blade (13 m), and the second flap and edge natural frequencies change slightly if the division is located from the blade root to around 20% of the blade (around 8 m), while the natural frequencies shift significantly beyond this region, considering flap and edge natural frequencies, the reduction in frequencies would probably result in structural resonance of the WTs.
Trade-offs should be made to simultaneously fulfill both manufacturing and structural performance requirements. The blade with higher natural frequencies would more easily avoid resonance in the WT according to the vibration Campbell diagram. Around 8 m (20%) from the blade root should be a suitable location for a sectional blade, where the transportation advantages are also evident with a balance in the weight, with a 2465 kg inner part (42% of total mass) and a 3356 kg outer part (58% of total mass). Moreover, the sectional blade bends slightly when it runs, and that In summary, in terms of variation in natural frequencies of the blade, the first flap and edge natural frequencies increase slightly when the division location would be from the blade root to around 35% of the blade (13 m), and the second flap and edge natural frequencies change slightly if the division is located from the blade root to around 20% of the blade (around 8 m), while the natural frequencies shift significantly beyond this region, considering flap and edge natural frequencies, the reduction in frequencies would probably result in structural resonance of the WTs.
Trade-offs should be made to simultaneously fulfill both manufacturing and structural performance requirements. The blade with higher natural frequencies would more easily avoid resonance in the WT according to the vibration Campbell diagram. Around 8 m (20%) from the blade root should be a suitable location for a sectional blade, where the transportation advantages are also evident with a balance in the weight, with a 2465 kg inner part (42% of total mass) and a 3356 kg outer part (58% of total mass). Moreover, the sectional blade bends slightly when it runs, and that pre-tension of the bolted joint does not tend to loosen.
Trends of Sectional Blades for Large WTs
Upscaling Studies of Sectional Blades
Scaling WTs provides reasonable and fast access for evaluating loads and geometrical features for up-scaled blades in relation to the existing blade. The geometrical dimensions of different scaled blades are proportional to the scale factor, denoted as R. Correspondingly, the structural and aerodynamic parameters are related to the scale factor, as shown in Table 2 . The aerodynamic bending moment can be orthogonally divided into flap-wise moment M x and edge-wise moment M y [44] . Table 2 . Impacts of scaling a rotor with scale factor R.
Variable
Ratio (Scaled/Base)
Physical dimension h(x, y) is a function of x and y coordinates at a given position, as well as axial stress due to centrifugal forces:
Direct stress due to aerodynamic moments at position (x, y) is expressed as
Direct stress due to moments of blade weight at position (x, y) is expressed as Table 3 indicates that the direct stress induced by centrifugal forces and aerodynamic moments remain constant after scaling the blade. This is also validated by NREL research [45] , where the stress from flap-wise moments stays identical after scaling. As for bolted joints, the wrench space for bolt pretension and connecting bolts are approximately proportional to the bolt diameter [31] . Therefore, by scaling the geometrical dimensions of the blade and the connecting bolts for sectional blades, the bolts can be allocated with the same ratio distributed along the blade shells. Since the load-carrying capacity of bonded joint with linear increase overlap length is lower than the corresponding proportional load in adhesively bonded joints, the embedded sleeve joint will not be able to supply enough strength for the upscale sectional blades. Moreover, the fatigue strength of the connecting bolts is reduced with a larger bolt diameter, with an additional reduction factor of α k (= according to the GL guidelines [27] . In addition, the axial stress of the bolts resulting from flap-wise bending moments stays the same, so the diameter of the connection bolts for sectional blades changes with scale factor R.
At the same time, bending moments induced by gravitation, compared to aerodynamic moments, vary at a higher ratio. The stress due to the bending moment of the blade weight is amplified linearly with the dimension of the blade, which further indicates that a limitation on blade length exists when extending blades, and the lightweight design of blades then becomes highly important and indispensable when examining the strength tolerance of the materials. The gravitational force mainly produces an edge-wise bending moment, so the extreme stress at the leading and trailing edges evidently increases when extending blades. Because of this, more attention should be paid to the edge-wise bending loads and to the stress of the bolts on the leading and trailing edges.
When the scale factors are 1, 1.414, 2, 2.582, and 3.162, the blade length and rotor power are listed in Table 4 . Figure 14 shows the variation of the first edge and flap natural frequencies of differently sized blades, where the span-wise location, on the x-axis, and the variation of natural frequencies, on the y-axis, are normalized for comparison. It is clear that the relative variation in natural frequencies is kept constant when the blade is divided at relative identical locations for the scaled blades. At the same time, bending moments induced by gravitation, compared to aerodynamic moments, vary at a higher ratio. The stress due to the bending moment of the blade weight is amplified linearly with the dimension of the blade, which further indicates that a limitation on blade length exists when extending blades, and the lightweight design of blades then becomes highly important and indispensable when examining the strength tolerance of the materials. The gravitational force mainly produces an edge-wise bending moment, so the extreme stress at the leading and trailing edges evidently increases when extending blades. Because of this, more attention should be paid to the edge-wise bending loads and to the stress of the bolts on the leading and trailing edges.
When the scale factors are 1, 1.414, 2, 2.582, and 3.162, the blade length and rotor power are listed in Table 4 . Figure 14 shows the variation of the first edge and flap natural frequencies of differently sized blades, where the span-wise location, on the x-axis, and the variation of natural frequencies, on the y-axis, are normalized for comparison. It is clear that the relative variation in natural frequencies is kept constant when the blade is divided at relative identical locations for the scaled blades. According to the rule of geometrical similarity, the assembling performance ( , ) for sectional blades remains the same.
Challenges and Recommendations for Large Sectional Blades
When considering the connection strength of sectional blades, the diameters of the connection bolts increase with the scale factor, whereas the stress carried by the bolts due to bending moments of aerodynamic and centrifugal forces remain the same after amplifying the blade. However, the stress carried by bolts due to the bending moment of blade gravitation increases and additional bolt According to the rule of geometrical similarity, the assembling performance ( dC /dx, dT /dx) for sectional blades remains the same.
When considering the connection strength of sectional blades, the diameters of the connection bolts increase with the scale factor, whereas the stress carried by the bolts due to bending moments of aerodynamic and centrifugal forces remain the same after amplifying the blade. However, the stress carried by bolts due to the bending moment of blade gravitation increases and additional bolt stress is produced, mainly at the leading and trailing edges. If possible, a lightweight design could be implemented so that the increase in stress due to blade gravitation is reduced. Nevertheless, large-diameter connection bolts would scatter the stress by bolts and thus reduce the reliability of the bolt connection of sectional blades [27] . This explains why larger sectional blades are susceptible to failure [13, 15, 24] . From the results in Section 3.1, the connection strength of sectional blades is more critical at the midpoint of the blade than at the blade root or blade tip. Two-row bolted joints provide an alternative for overcoming the insufficient strength of the blade connection. As for embedded sleeve bolted joints for sectional blades, the load capacity of bonding works by shear force transfer on the interface between sleeves and FRC. Due to uneven shear stress along the bonding interface, longer overlaps on the bonded joint cannot sustain the desired loads by upscaling the overlap length of bonding. The bonded strength can no longer meet the requirements for larger sectional blades. Innovative attempts could help to improve the strength of connections by using thicker airfoils around the division locations in the aerodynamic design.
With respect to the natural vibration of blades, resonance is promoted when the division is situated at the mid-point or the blade tip. However, resonance avoidance can be partly realized by the control regulation of WTs. Meanwhile, the effect of large deflection of the sectional blade at the division location on the structural reliability should be experimentally reviewed.
Since assembling the segment joint could not be improved in larger sectional blades, a novel aerodynamic design of sectional blades may be a more viable approach, potentially by using a uniform profile around the division location. However, the power loss of the WT should be evaluated to determine viability.
Finally, the cost increase after blade separation should be comprehensively addressed by considering materials, equipment, labor force, transportation routes, and vehicles. On account of mass density and stiffness deduction and their distribution assumed around the division location, cost increases after blade separation is reduced from the blade root to the blade tip.
Conclusions
The location of the division on sectional blades has significant influences on connection reliability, manufacturing accessibility, and structural dynamics. This paper proposed a method to evaluate the bolt strength, fabrication accessibility, and natural frequencies at different division locations based on the characterization of the axial bolts, practical requirements for bolt assembling, and stiffness and mass density variation after blade separation. Then, a case study on a 38-meter commercial blade, as a representative of structural and aerodynamic characteristics of the modern blade, was conducted to investigate the effects of the division location on the WT performance. Finally, upscaling studies were completed to address the challenges of large sectional blades according to the geometrical similarity rule. The conclusions drawn are as follows.
The beneficial interval of the division for sectional blades is located in the middle of the blades, when considering the manufacturing and assembling of the blade connection of current blades.
The optimal interval of the location for the division for sectional blades is situated at around 20% from the blade root, taking into consideration the connection strength and natural frequency variation of the sectional blade, as well as the convenience of manufacturing and assembly.
Key approaches to reduce additional increases in stiffness and weight are to improve fatigue strength and to choose low-modulus connection bolts.
Upscale-diameter connection bolts may be inadequate to meet the requirements for identical upscaled sectional blades due to the relatively low mechanical reliability of large diameter bolts.
The lightweight design of blades is indispensable for extremely large sectional blades, especially to reduce bolt stress around the trailing and leading edges.
The effect of blade separation on the natural frequencies for scaled sectional blades is the same as that for the base sectional blade, and the assembling accessibility of the scaled sectional blade is consistent with that of the base blade. Axial length of bottom clamped members, shown in Figure 5 
Nomenclature
M x
Bending moments on the x-axis at the cross section M y
Bending moments on the y-axis at the cross section n Load introduction factor N Permissible load cycle number, defined by Eurocode 3 I h (z)
Area moment of inertia on the user-defined h-axis I xx Area moment of inertia on the x-axis I xy
Product moment of area I yy Area moment of inertia on the y-axis R Scale factor for different geometrical blades S * Bolt load variation of the bolted joint ∆F e External load variation of the bolted joint ∆F f b
Fatigue bolt load variation of the bolted joint ∆F f e External fatigue load variation of the bolted joint ∆σ k,A b,s Fluctuating stress limit of bolts for a given fatigue cycles in the sectional blade (∆σ k,A ) FRC,o Fluctuating stress limit of FRC for a given fatigue cycles in the original blade ∆σ k,A Fluctuating stress limit for a given fatigue cycles ∆σ k,C Detail category with respect to 2 × 10 6 fatigue cycles, defined in Eurocode 3 ∆σ z Fluctuating direct stress along the z-axis due to bending moments (EI) OB Bending stiffness of the original blade (EI) SB Bending stiffness of the sectional blade (EI xx ) OB Bending stiffness of the original blade on the x-axis (EI xx ) SB Bending stiffness of the sectional blade on the x-axis EI yy OB Bending stiffness of the original blade on the y-axis EI yy SB Bending stiffness of the sectional blade on the y-axis 
